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Si and Zn are essentially mutually insoluble. We were able to detect Zn drops at a Si surface 
by using the refracted x-ray fluorescence method when the Si wafer was implanted with 
Zn ions at 50 keV up to doses of 1 x 1016 cm - ‘. The presence of the Zn drops at the Si surface 
was confirmed both by measuring surface roughness and Rutherford-backscattering 
spectroscopy spectra. 
In previous works,‘“1 we introduced a new tool which 
utilized the refraction effect of x-ray fluorescence to inves- 
tigate surfacesand interfaces. This method, refracted x-ray 
fluorescence (RXF), is a nondestructive technique which 
can be applied at ambient pressure and provides much 
information about surfaces and interfaces, for example, 
surface electron density, I-3 chemical conditions of surface, 
surface roughness, surface migration (diffusion), thick- 
nesses of the thin films, and depth profiles of implanted 
ions.4 
In this communication, we report that the presence of 
Zn drops [as shown in Fig. 1 (b)] at a Si surface was con- 
firmed by RXF when the Si substrate was implanted with 
Zn ions. In this discussion, Zn drops are said to exist if the 
density of an accumulation of Zn is equal to that of bulk 
Zn. 
RXF measures the angular distribution of x-ray fluo- 
rescence. In general, the -angular distribution of x-ray flu- 
orescence from near the surface shows the anisotropic ra- 
diation which has maximum peaks of intensity because of 
the refraction effect of (scattered) x-ray fluorescence,’ and 
the position (13~~~~) of the maximum peak is in fair agree- 
ment with the critical (0,) angle for x-ray total external 
reflection as follows:“5~6 
8 t(max) =6Jc= 1.6X log,%(p) 1’2(mrad), (1) 
where il is the wavelength of the measured x-ray fluores- 
cence in centimeters, p(g/cm3) is the near-surface density 
of a flat substrate, and Bt(maxj is the takeoff angle at the 
maximum peak in the angular distribution curve 1(0,) of 
the measured x-ray tluorescence. Thus, we can obtain the 
value of p in (1) by measuring the value of etcrnaxj in 
I(@,). That is to say, a peak at ercrnaxj shows the presence 
of an air-substrate (p) interface, where substrate (p) 
means that the density of the substrate is p, because the 
maximum peak at Ot(maxj appears only when the measured 
x-ray fluorescence is refracted at a flat substrate (p). 
The experimental arrangement for the RXF method is 
shown in Fig. 2. In this experiment, the glancing angle of 
the primary x-ray beam is set at the critical angle for total 
external reflection which is constant. The x-ray generator 
with a rotating-Mn anode (RU-200B, Rigaku Denki Co.) 
was used at 50 keV and 150 mA. The takeoff angle of the 
x-ray fluorescence can be determined to an accuracy of 
ho.3 mrad with the vertical slits. The takeoff angle at 0 
mrad was taken to be the angle at which the integrated 
intensity of the measured x-ray fluorescence disappears. A 
commercial Si( Li) solid-state detector (Horiba Co.) was 
employed as an x-ray analyzing detector. Mirror-polished 
Si substrates were implanted with Zn ions at 50, 60, 70, 
and 80 keV to doses of 1 X lOI cm - 2. 
Figure 3 shows the angular distributions of Zn KCY ra- 
diation emitted from Zn ions implanted at (a) 50 keV and 
(b) 70 keV. For all takeoff angles, the integrated intensity 
of the measured x-ray fluorescence in curve (a) is higher 
than that in curve (b). This can be accounted for by the 
total external reflection of the primary x-ray beam. Since 
the glancing angle of the primary x rays is set at the critical 
angle for x-ray total external reflection, the primary x rays 
onfy penetrate distances typically of several tens of ang- 
stroms, that is to say, near the surface. Thus, the difference 
in intensity between curves (a) and (b) shows the differ- 
ence in total quantity of implanted Zn ions near the Si 
surface;j the concentration of Zn ions implanted at 50 keV 
near the Si surface is higher than that of Zn ions implanted 
at 70 keV. 
There are two peaks at 8, and 0, when the Si wafer was 
implanted with Zn ions at 50 keV. However, there is only 
one peak at 8i when the Si wafer was implanted with Zn 
ions at 70 keV, and at implanted ion energies of 60 and 80 
keV there is only one peak at et. These peaks at 8, and t& 
in each angular. distribution curve can be accounted for by 
the refraction effect, of x-ray fluorescence.‘,7P8 The value of 
8, ( = 3.5 mrad) is in fair agreement with the calculated 
value ( = 3.41 mrad) when the value of p for bulk Si is 
substituted in ( 1 ), and the value of 0, ( = 6.5 mrad) ap- 
proximately agrees with the calculated value (6.14 mrad) 
when the value of p for bulk Zn is substituted in ( 1). 
The following cases must be considered to explain the 
absence of a peak at 8, in the angular distribution curve 
(b) : (A) Although there are Zn drops at the Si surface, 
there is a rough interface at the Si substrate (air-Zn-drop 
interface). (B) No Zn drops to give a peak in the I( 0,) 
exist at the Si surface. In other words, if there are Zn drops 
at the Si substrate and the air-Zn-drop interface is very 
flat, a peak at 0, must necessarily exist in the 1(0,). For 
this reason, we measured the surface roughness by using 
optical heterodyne profilometry [ZYGO (HPI5500)].’ The 
measured values are shown in Table I. The change of sur- 
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FIG. 1. (a) Model of implanted Zn ions (dispersed Zn atoms) in a Si 
substrate. There is an airSi substrate interface. Although implanted Zn 
ions exists in the Si substrate, these atoms do not have the average density 
of bulk-&. (b) Model of Zn drops (precipitates) near the Si surface. The 
density of the Zn drop is equal to that of bulk Zn. An air-Zn-drop 
interface and an air-Si substrate interface coexist in this model. 
face roughness can be accounted for by the sputtering phe- 
nomena at the Si surface, because sputtering at the Si sur- 
face simultaneously occurs with Zn-ion implantation. As a 
result, case (A) can not be applied to explain the absence 
of the peak at e,, because we confirmed that there is 8, 
peak in the angular distribution curve for a greater surface 
roughness at an implanted ion energy of 70 keV (see Table 
I).’ However, the roughness of the Si surface at the im- 
planted-ion energy of 50 keV is less than that of the Si 
substrate without Zn-ion implantation. We believe that this 
result relates to both the presence and formation process of 
Zn drops at the Si surface. 
In the next experiment, we.measured the nondestruc- 
tive depth profile of implanted Zn ions by Rutherford- 
backscattering spectrometry (RBS) using 2.7-MeV 4He f 
from the Dynamitron Accelerator, Radiation Dynamics 
Inc. at Tohoku University. Figure 4 shows RBS spectra 
FIG. 2. Schematic drawing of the experimental arrangement for the RXF 
method. RXF measures the angular distribution of the x-ray fluorescence. 
For this measurement, the glancing angle of the primary x ray was kept 
constant. 
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FIG. 3. Dependencies of the integrated intensity of Zn Ka radiation on 
the takeoff angle of the measured x-ray fluorescence when the implanted 
ion energy is (a) 50 keV and (b) 70 keV. 
from the implanted Zn ions in the Si substrate. These RBS 
spectra are normalized to the BS field from the Si sub- 
strate. These RBS spectra were broadened by the effect of 
many Zn isotopes. The position of the Si surface is shown 
by the arrow (SJ. Each depth profile of the implanted Zn 
ions at ion energies of 50 and 70 keV has one peak at Rp 
(50) and R, (70), respectively. The positions of the peaks 
approximately agree with Lindhard-Scharff-Schiott the- 
ory.’ However, there is one shoulder at the Si surface 
(Sd) for an implanted-ion energy of 50 keV, and there are 
three shoulders below the Si surface. The presence of the 
shoulder at Si surface is consistent with the presence of Zn 
drops at the Si surface. Although the other shoulders will 
show the presence of the Zn drops below the Si surface, 
these Zn drops cannot give the 8, peak in the I( e,), be- 
cause the interface Q as shown in Fig. 1 (b) is very rougher 
than the air-Zn-drop interface as shown in Fig. l(b). Con- 
sequently, case (B) can be applied to explain the absence 
of the peak at f3z. 
In conclusion, we were able to-detect Zn drops at the Si 
surface with the RXF method. Is there a critical size for 
the Zn drop to give a peak in the I( e,)? The answer to this 
question cannot be obtained by these experimental results. 
However, we confirm that the requirements to detect the 
TABLE I. The values of surface roughness measured by optical hetero- 
dyne profilometry (the values are the average of 10 240 points). 
E (keV) rms value (A) P-V value (A) 
0 (without implanted Zn ions) 1.96 12.08 
50 1.78 10.83 
60 2.26 13.11 
70 2.34 13.19 
80 2.30 15.69 
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FIG. 4. RBS spectra of 2.7-MeV 4He + ions from implanted Zn ions at an 
ion energy of (a) 50 keV and (b) 70 keV. S’, corresponds to the position 
of the Si surface. 
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Zn drop by using the RXF method are not only its size, but 
also the form of the Zn drop. 
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